MicroRNAs (miRNAs) are small, noncoding RNAs that play a critical role in developmental and physiological processes and are implicated in the pathogenesis of several human diseases, including cancer. They function by regulating target gene expression post-transcriptionally. In this study, we examined the role of oncogenic mir-21 in the pathogenesis of glioblastoma, the most aggressive form of primary brain tumor. We have previously reported that mir-21 is expressed at higher levels in primary glioblastoma-tissue and glioblastoma-derived cell lines than in normal brain tissue. We demonstrate that downregulation of mir-21 in glioblastoma-derived cell lines results in increased expression of its target, programmed cell death 4 (Pdcd4), a known tumor-suppressor gene. In addition, our data indicate that either downregulation of mir-21 or overexpression of its target, Pdcd4, in glioblastomaderived cell lines leads to decreased proliferation, increased apoptosis, and decreased colony formation in soft agar. Using a glioblastoma xenograft model in immune-deficient nude mice, we observe that glioblastomaderived cell lines in which mir-21 levels are downregulated or Pdcd4 is over-expressed exhibit decreased tumor formation and growth. Significantly, tumors grow when the glioblastoma-derived cell lines are transfected with anti-mir-21 and siRNA to Pdcd4, confirming that the tumor growth is specifically regulated by Pdcd4. These critical in vivo findings demonstrate an important functional linkage between mir-21 and Pdcd4 and further elucidate the molecular mechanisms by which the known high level of mir-21 expression in glioblastoma can attribute to tumorigenesis-namely, inhibition of Pdcd4 and its tumor-suppressive functions.
M
iRNAs regulate gene expression after recognition of sequence-specific binding sites, typically in the 3 ′ -untranslated region of target mRNAs, causing mRNA deadenylation and degradation or translational repression. 1 -3 Alterations in the pattern of gene expression resulting from aberrant expression of miRNAs are associated with numerous diseases, including cancer. 4 -7 We previously assessed the expression patterns of 241 mature human miRNAs in 59 of the human tumor-derived cell lines that comprise the NCI60 panel and in a set of corresponding normal tissues. 8 These tumor-derived cell lines had been established from melanoma, various leukemias, and from cancers of the gastrointestinal tract, kidney, ovary, breast, prostate, lung, and central nervous system (CNS). 8 We found that miRNA expression patterns may mark specific biological characteristics of tumors and/or mediate biological activities important for their pathobiology. We also identified miRNAs for which the expression level in specific tumor cell lines was either significantly increased or decreased compared with levels observed in corresponding normal tissue, suggesting that their function was either enhanced or diminished in association with tumorigenesis.
Evaluating cell lines derived from glial tumors of the CNS, we found that 5 miRNAs were expressed at higher levels and 59 miRNAs were expressed at lower levels than those detected in normal brain tissue. 8 We designated these miRNAs "candidate oncogenes" or "tumor suppressors," respectively. CNS tumors of glial origin constitute the majority of primary brain tumors in adults and are called gliomas, the most malignant of which are known as glioblastoma. In this study, we evaluated the role of one candidate oncogenic miRNA, miR-21, in mediating the pathology associated with glioblastoma. MiR-21 has been identified as one of the most commonly overexpressed miRNAs in solid tumors. 9, 10 In glioblastoma, mir-21 is overexpressed, and its expression correlates with glioma grade. 8,10 -15 Low levels of mir-21 are expressed in grade II and grade III gliomas, whereas higher levels are observed in glioblastoma. 13, 15 Pdcd4, a known tumor suppressor gene, has been identified as a functional target of mir-21. 16, 17 Recently, mir-21 was shown to regulate Pdcd4 in glioblastoma. 18 However, the effect of mir-21 regulation of Pdcd4 on specific biological activities of pathologic potential (eg, apoptosis, proliferation, anchorage-independent growth, or more significantly, in vivo growth of glioblastoma xenografts) has, to our knowledge, not been studied. The work presented in this article elucidates the in vitro-and, more importantly, in vivo-tumor suppressive activities of mir-21 that are modulated by its inhibition of Pdcd4.
Materials and Methods

Tissue Samples
Glioblastoma specimens and normal brain tissue samples were from the Neurosurgery Tissue Bank at the University of California -San Francisco. All samples were obtained with informed consent after approval of the human research committees at the University of California and studied after approval of the Committee for the Protection of Human Subjects at Dartmouth-Hitchcock Medical Center.
Cell Lines and Culture Conditions
Glioblastoma-derived cell lines SNB19, U251, U87, and SF767 were cultured in Dulbecco's Modified Eagle's Medium/10% fetal bovine serum (FBS)/1% penicillin (10,000 U/mL)/streptomycin (10, 000 mg/mL). All cells were grown in a humidified incubator in 5% CO 2 at 378C.
Derivation of Stable, Polyclonal Cultures and Monoclonal Cell Lines Expressing Pdcd4
To derive stable Pdcd4-expressing polyclonal cultures, U251 and U87 cell lines were transfected with pcDNA-Pdcd4 (kindly provided by Dr Nancy Colburn, National Cancer Institute, Bethesda, MD) and cells were selected for 3 weeks with Geneticin (Invitrogen), 500 mg/mL. After this cultures were expanded and maintained in Geneticin, 200 mg/mL. To derive stable GFP-and Pdcd4-expressing polyclonal cultures, U87 and U251 cell lines were transfected first with pEGFP (Clontech), and cells were selected for 3 weeks with hygromycin, 100 mg/mL, after which cells were transfected with pcDNA-Pdcd4 and selected as mentioned above. Monoclonal U25 Pdcd4 or U87 Pdcd4 as well as U251 GFP+Pdcd4 or U87 GFP+Pdcd4 cultures were derived from single cells seeded in 96-well plates.
Transient Expression of Anti-mirs and siRNAs
Anti-miR-21 miRNA Inhibitor, anti-miR miRNA Inhibitors-Negative/toxicity Control, and FAM dyelabeled Anti-miR were purchased from Applied Biosystems/Ambion. Predesigned siRNA constructs complementary to Pdcd4 were obtained from Ambion (Silencer Select, siRNA ID s26048). Transient transfections were performed using siPORT NeoFX Transfection Agent (Applied Biosystems/Ambion) in accordance with the manufacturer's instructions. During the transfection, cells were cultured in reduced serum OptiMEM medium (Invitrogen).
Real-time Quantification of microRNAs Using Stem-loop Real-time Polymerase Chain Reaction
The expression profiles of 241 microRNAs were measured as described previously. 8 This method uses stem-loop primers for reverse transcription followed by real-time PCR (TaqMan MicroRNA Assays; Applied Biosystems). Expression of mature miRNAs was determined by the TaqMan miRNAassay (Applied Biosystems). The Taqman primer-probe for quantification of miR-21 (for the target sequence UAGCU UAUCAGACUGAUGUUGA) was from Applied Biosystems. RNA input was normalized using 4 endogenous controls: 18S rRNA, b2M, glyceraldehyde-3-phosphate dehydrogenase, and b-actin.
Western Blot Analysis to Detect Pdcd4 Protein
To obtain whole-cell lysates, cells were sonicated and then lysed on ice for 30 min in lysis buffer (50 mmol/L Tris-HCl, 150 mmol/L NaCl, 5 mmol/L EDTA, 0.5% NP40, 1 mmol/L phenylmethylsulfonyl fluoride, and complete protease inhibitor cocktail mix [Roche]). Protein concentration was determined with a bicinchoninic acid protein assay kit (Pierce). For Western blot analysis, 40 mg of protein was separated on a 10% sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane. Pdcd4 was detected using a affinity purified rabbit anti-Pdcd4 antibody (Rockland) at a 1:5000 dilution as the primary antibody, followed by a alkaline phosphatase-linked goat anti-rabbit secondary antibody (Abcam) used at 1:50,000 dilution. To detect b-actin as a loading control, a mouse monoclonal antibody to b-actin (Abcam) was used at 1:5000 as the primary antibody, followed by an alkaline phosphatase-linked rabbit anti-mouse (Abcam) secondary antibody used at 1:5000. After incubation of the membranes with the specific antibodies, proteins were visualized by chemiluminescence (ECL; Amersham). To detect Pdcd4 in tumors, tumor tissues were first homogenized using a sonicator, and proteins were extracted and processed as mentioned above.
Northern Analysis to Detect miRNAs
Total RNA was extracted from glioblastoma specimens, normal brain tissue or glioblastoma-derived cell lines with Trizol Reagent in accordance with the vendor's recommendations. Twenty micrograms of total RNA was separated on a 10% urea-polyacrylamide gel and transferred to a GeneScreen Plus (PerkinElmer). Radioactive-labeled StarFire (Integrated DNA Technologies) oligonucleotide probes were used for miRNA detection. Membranes were stripped by boiling in 0.1% SDS and re-hybridized to U6 probe for to determine loading controls.
Proliferation Assays
Fifty thousand U251 or U87 cells that were untreated or transfected with a nonspecific negative/toxicity anti-mir (NS) control (30 mM) or anti-mir-21 (3, 10, and 30 mM) were seeded onto a 10-cm tissue culture dish at day 0. Growth curves were determined by counting cells every 24 h for 5 days with a hemacytometer.
Anchorage-Independent Growth Assay in Soft Agar
Anchorage-independent growth assays were performed by seeding 1 × 10 5 cells in 0.4% Noble agar on an 0.8% agar base layer, both of which contained Dulbecco's modified Eagle's medium/10% fetal bovine serum (FBS)/1% penicillin (10,000 U/mL)/streptomycin (10,000 mg/mL). Colonies were counted (.0.1-mm) 2 weeks after seeding, and the data from triplicate determinations were expressed as mean + standard error of the mean (SEM).
Apoptosis Assays
Cells were cultured on 4-well Lab-TeK II Chamber Slides (Nunc/Thermo Fisher Scientific) and anti-mir and negative/toxicity (NS) control transfections were performed in the chambers. Forty-eight hours after transfection, cells were fixed in 4% paraformaldehyde and the chambers were removed. For labeling nuclei of apoptotic cells, terminal deoxynucleotidyl transferasemediated nick-end labeling (TUNEL) was done using the DeadEnd fluorometric TUNEL system (Promega) in accordance with the manufacturer's protocol. Cell nuclei were also stained with Hoechst dye. The number of TUNEL-positive cells was divided by the number of Hoechst-stained cells to yield the percent apoptotic nuclei. Four 40× objective fields containing 200 cells each were counted per chamber, with 3 chambers analyzed per condition.
Xenograft Growth in Athymic Nude Mice
Female, 4-6-week-old Nude-Foxn1 nu mice (Harlan) were injected with phosphate buffered saline -washed cells (5 × 10 6 cells) subcutaneously in the flank. Tumor size was measured in 3 dimensions with calipers, and volume was calculated assuming the shape as ellipsoid. All animal studies were conducted using procedures outlined by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) and the Institutional Animal Care and Use Committee (IACUC). The IVIS 200 Xenogen Imaging System (Caliper Life Sciences) was used to detect tumors in vivo.
Statistical Analysis
Data are represented as the mean + standard deviation (SD) or + SEM, as indicated. Differences were analyzed by using an unpaired 2-tailed Student t test, and P , .05 was considered statistically significant. All of the experiments were performed at least 3 times.
Results
Down Regulation of mir-21 Expression in Glioblastoma-Derived Cell Lines Results in Enhanced Pdcd4 Expression
Having identified mir-21 as an oncogenic miRNA that is highly expressed in human glioblastoma-derived cell lines, 8 we sought to confirm the observations of others that mir-21 was highly expressed in tissue derived from primary glioblastoma ( 12, 18 We obtained comparable results with a highly sensitive assay utilizing stem-loop primers for reverse-transcription followed by PCR (Fig. 1C) . 19 Elevated levels of mir-21 were observed in all 7 glioblastoma-derived cell lines and in all 13 glioblastoma tumors we examined ( Fig. 1 ) (data not shown).
Although glioblastomas harbor diverse oncogenes and mutated tumor-suppressor genes whose pattern of alteration and expression varies considerably from tumor to tumor, 20 most glioblastomas examined to date have high levels of mir-21 expression. 11 -14,18 Because Pdcd4, a well-characterized tumor-suppressor gene, 16,21 -25 is a known target of mir-21, we sought to characterize its expression in glioblastoma. We hypothesized that as a target transcript encoding a protein involved in tumor suppression, the expression of Pdcd4 should be decreased in glioblastoma-derived cell lines. By use of Western blot analysis, we observed that Pdcd4 protein levels are undetectable in primary glioblastoma tissues ( Having observed an inverse correlation between mir-21 and Pdcd4 protein levels ( Fig. 1A and B) , we then sought additional evidence to corroborate the association of endogenous Pdcd4 protein with endogenous miR-21 in vitro. We assessed Pdcd4 expression in glioblastoma-derived cell lines in which mir-21 expression had been experimentally decreased using an anti-mir-21 (Ambion Anti-miR miRNA inhibitor) that decreases the cellular levels of mir-21 specifically for up to 120 h after transfection (data not shown).We transiently transfected U251 and U87 cells with anti-mir-21 and harvested cells at 24, 48, or 72 h, a time window that is optimized for detection of up-regulation of known mir-21 target proteins. 13 -16 To ensure that the down-regulation of mir-21 by anti-mir-21 was specific and not due to nonspecific toxicity, we included a nonspecific anti-mir (NS) as a negative/toxicity control for each transfection. In addition, a FAM dye-labeled, nonspecific anti-mir was also used to determine transfection efficiency for each experiment. We routinely achieved 80% -90% transfection efficiency. At each time point examined after transfection, anti-mir-21 -treated and control cells were collected and divided into 2 identical aliquots from which we isolated total RNA and nuclear proteins, respectively. Northern blot analyses demonstrated decreased levels of mir-21 in U251 and U87 cells 24, 48 , and 72 h after transfection with anti-mir-21 ( Fig. 2A, lanes 3-5 and 8 -10 ). Western blot analyses of nuclear proteins isolated from these same U251 and U87 cultures exhibited increased Pdcd4 protein levels 24, 48, and 72 h after anti-mir-21 treatment (Fig. 2B, lanes 3 -5 and 8-10 , respectively). In both Fig. 2A and B, lanes 1 and 6 evaluate untreated U251 and U87, respectively, and lanes 2 and 7 are isolates of U251 and U87 cells treated with a nonspecific negative toxicity control. As depicted in Fig. 1A , mir-21 is highly expressed (Fig. 2A, lanes 1 and 6) in untreated U251 and U87, whereas Pdcd4 protein levels were undetectable (Fig. 2B, lanes 1 and 6) . These data are consistent with the regulation of Pdcd-4 by mir-21. In addition, we compared the miRNA expression levels from the NCI60 glioma derived cell lines to RNA, DNA, and protein expression data for the same cell lines (primary data at http://dtp.nci.nih.gov/webdata. html). In that analysis we found a significant inverse , and 52A28) and GBM-derived cell lines (SNB19, U251, U87, and SF767), compared with normal human brain samples (NB4330 and NB4126). Forty micrograms of protein from whole-cell lysates were loaded in each well for quantifying Pdcd4 protein levels by Western blot analysis using an anti-Pdcd4 antibody. b-Actin loading controls from the same blots are shown in the lower panels. (C) Real-time polymerase chain reaction (PCR) quantification of mir-21 in primary GBM tissues, GBM-derived cell lines, and normal human brain samples. Stem-loop primers were used for reverse transcription followed by real-time PCR. mir-21 levels are shown as fold change versus the level detected in normal brain tissue. RNA input was normalized using 4 endogenous controls: 18S rRNA, b2M, GAPDH, and b-actin.
correlation (P ¼ .004) between miR-21 and Pdcd4 protein expression levels (data not shown) similar to the data described above in Fig. 2A and B that demonstrated undetectable levels of Pdcd4 protein in glioblastoma-derived cell lines that expressed high levels of mir-21 and vice-versa.
Inhibiting mir-21 expression in glioblastoma-derived cell lines results in decreased proliferation, increased apoptosis, and diminished anchorage-independent growth Mir-21 has been shown to act as an anti-apoptotic factor in glioblastoma-derived cell lines, 11, 12 and conversely, Pdcd4 has been shown to be pro-apoptotic. 24 Having observed an inverse correlation between expression of mir-21 and Pdcd4 in glioblastoma, we sought to determine the biological effect of mir-21 expression in glioblastoma-derived cell lines. U251 and U87 cells were transfected with varying concentrations of anti-mir-21 (3, 10, and 30 mM), and the cell count was assessed every 24 h after transfection for 5 days (Fig. 3A) . Downregulation of mir-21 in the anti-mir-21 -treated cells was confirmed by northern blot analyses on days 1 and 5 (data not shown). We observed decreased cell numbers in cultures treated with anti-mir-21, compared with cultures that were incubated in regular media or transfected with a nonspecific negative toxicity control (Fig. 3A) . Also, TUNEL staining revealed enhanced apoptosis in U251 (Fig. 3B ) and U87 cells (data not shown) treated with anti-mir-21, compared with cells cultured in either medium alone or with NS control. Although the enhanced apoptosis was easily recognizable in anti-mir-21 -treated glioblastoma-derived cells lines, we sought evidence of decreased proliferation in these cultures to better understand the remarkable difference in cell counts in the treated cultures (Fig. 3A) . Cell-cycle analysis revealed that anti-mir-21 treatment of U251 and U87 cells significantly increased the number of cells in G0/G while decreasing the fraction of cells present in S-phase (Fig. 3C) .
Normal brain tissue expresses Pdcd4. 19, 26, 27 Although Pdcd4 is not detectable in glioblastoma tumors or glioblastoma-derived cell lines, 26, 27 suppression of mir-21 results in increased Pdcd4 expression in these tissues ( Fig. 2A and B) . Therefore, beyond determining the biological effects of downregulating mir-21 in glioblastoma, we sought evidence that Pdcd4 was a critical target of mir-21 and mediated the specific effects of mir-21 that could contribute to glioblastoma tumorigenesis. We transfected U251 and U87 cell lines with a Pdcd4 cDNA expression construct (pcDNA-Pdcd4) to generate stable glioblastoma-derived cell cultures that overexpressed Pdcd4 (U251 Pdcd4 and U87 Pdcd4 ). Clonal isolates and a polyclonal culture of U251 overexpressing Pdcd-4, U251
Pdcd4 demonstrated increased spontaneous apoptosis, as determined by TUNEL staining, compared with the parental cells from which they were derived ( Fig. 3B and C) . Increased apoptosis in U87 cells treated with anti-mir-21 or stably over expressing Pdcd4 (U87
Pdcd4
) was also observed (data not shown).
Anchorage-independent growth assayed in soft agar is a characteristic of transformed cells that correlates closely with their tumorigenicity. U251 and U87 can grow in an anchorage-independent manner and form colonies in soft agar. Therefore, to examine the role of mir-21 and its target Pdcd4 in anchorage-independent growth, we examined the effect of inhibiting mir-21 expression on colony formation in soft agar. U251 cells treated with anti-mir-21 for 72 h and plated in soft agar displayed decreased anchorage-independent growth and formed fewer colonies (Fig. 4A and B) when compared to controls. The U251 Pdcd4 polyclonal cell culture showed a decrease in colony number compared to cells that did not have elevated Pdcd-4 levels. These data are representative of U251 Pdcd4 polyclonal cultures and monoclonal cell lines (data not shown). We also observed decreased numbers of colonies formed by U87 cells that were treated with anti-mir-21 or stably over-expressed Pdcd4 (U87 Pdcd4 ) (Fig. 4B) . In 3 independent experiments, the number of colonies formed following exposure to anti-mir-21 decreased by 65% (10 mM anti-mir-21) and 75% (30 mM anti-mir-21).
Pdcd4 has a binding site for mir-21 11, 12 and the inverse correlation between mir-21/Pdcd4 levels ( Fig. 2A and B ) strongly suggests that mir-21 regulates Pdcd4. However, because mir-21 can potentially target several genes, 11 we wanted to establish that the biologic effects we measured were a consequence of Pdcd4 being targeted by mir-21. We evaluated colony formation by U251 or U87 cells that were treated for 72 h with either anti-mir-21 or with anti-mir-21 and an siRNA that inhibits expression of Pdcd4. U251 or U87 cells treated for 72 h with anti-mir-21 formed 70% and 60% fewer colonies, respectively, than did control cells. Compared with cells that were treated with anti-mir-21 only, U251 or U87 that were treated with anti-mir-21 and siRNA to Pdcd4 produced higher number of colonies, similar to those formed by untreated U251 or U87 ( Fig. 4A and B) . In addition, U251 Pdcd4 and U87 Pdcd4 cell lines were also examined and demonstrated a decrease in number of colonies formed in soft agar, compared with cells that did not have elevated Pdcd-4 levels ( Fig. 4A and 4B ). Western blot analyses was used to monitor Pdcd4 levels in U251 or U87 cells that were untreated, treated with the NS anti-mir control, anti-mir-21, or anti-mir-21 and siRNA to Pdcd4 (Fig. 4C) .
Downregulation of mir-21 or Overexpression of Pdcd4 Results in Reduction of Glioblastoma Xenograft Growth that is Reversed by siRNA to Pdcd4
In addition to being a pro-apoptotic gene, Pdcd4 is a suppressor of malignant transformation and tumor progression and has been shown to inhibit invasion and intravasation by tumor cells. 16,22 -25 Having established that glioblastoma-derived cell lines displayed decreased proliferation and colony formation in vitro when mir-21 expression was decreased or Pdcd4 was increased (Figs 3 and 4) , we sought to identify a role for mir-21 and its target Pdcd4 in glioblastoma tumorigenesis in vivo by evaluating glioblastoma xenografts in immune-deficient mice (Fig. 5A) . We prepared polyclonal cultures of U251 GFP and U87 GFP cells stably expressing green fluorescent protein (GFP). We also prepared U87 and U251 cell lines overexpressing GFP as well as Pdcd4 (U251 GFP+Pdcd4 and U87 GFP+Pdcd4 ). Subcutaneous injection of 5 × 10 6 cells from U251 GFP or U87 GFP in the flank of immunosuppressed mice gave rise to tumors that were first palpable by day 7 after injection and that developed to 1.5 cm 3 in size by day 30. We used the Xenogen Imaging System to detect these tumors in vivo (Fig. 5A) . We examined animals that received U251 GFP or U87 GFP lines after transfection with anti-mir-21 as well U251 GFP or U87 GFP lines after transfection with anti-mir-21 and siRNA to PDCD4 (Fig. 5A) . U251 GFP or U87 GFP lines transfected with anti-mir-21 demonstrated decreased tumor growth in vivo (Fig. 5A) . Suppression of mir-21 in the cell lines was confirmed by Northern blot analysis (Fig. 5B) . Mice that received cell lines overexpressing Pdcd4, U251 GFP+Pdcd4 , or U87 GFP+Pdcd4 also had tumors that were reduced in size, compared with tumors arising in animals injected with the same cells bearing only GFP and not overexpressing Pdcd4 (Fig. 5A) . We monitored tumor growth for up to 6 weeks after the inoculation of these animals with tumor cells. More importantly, animals that received U251 GFP or U87 GFP lines after transfection with anti-mir-21 and siRNA to PDCD4 gave rise to tumors that developed to 1.5 cm 3 in size by day 30, comparable to the tumors that developed from the control, untreated glioblastoma-derived cell lines (Fig. 5A) . Tumor growth was measured every 4 days starting at day 10 after injection (Fig. 5C ). In all of these experiments, tumor growth was reduced by 30% at day 30 (P ¼ .01) in mice that were injected with anti-mir-21-transfected U251 GFP or U87 GFP cells. Similarly, we saw an 90% (P ¼ .001) decrease in tumor size or complete lack of tumor growth in mice that were injected with Pdcd4 over-expressing U251 GFP+Pdcd4 or U87 GFP+Pdcd4 cells. In the 5 independent xenograft experiments we performed examining U251 GFP+Pdcd4 or U87 GFP+Pdcd4 , only 5 of 24 and 6 of 24 mice, respectively, developed tumors detectable by day 30. These tumors were, on average, 90% smaller than the tumors that arose after injection with untreated or nonspecific negative/toxicity control treated U251 GFP or U87 GFP cells (data not shown). However, the fact that some tumors, albeit much smaller than those formed in the control groups, did develop in U251 GFP+Pdcd4 -or U87 GFP+Pdcd4 -derived xenografts provided an opportunity to examine Pdcd4 levels in such tumors (Fig. 5D ).
Although the xenografts were not of sufficient size to analyze DNA, RNA, and protein, we were able to measure Pdcd4 protein levels and found that Pdcd4 levels were undetectable by Western blot analysis of 4 individual tumors that arose from animals injected with U251
GFP+Pdcd4 or U87 GFP+Pdcd4 lines (Fig. 5D) . Furthermore, hematoxylin and eoisin staining of tumors (Supplemental Fig. S1 ) that arose from untreated U251 or U87 or U251 or U87 cell lines transfected with NS control or anti-mir-21 or with anti-mir-21 and siRNA to PDCD4 show similar morphological features of glioblastoma and are indistinguishable from one another. High cellularity and microvascular proliferation (Supplemental Fig. S1 ) and the presence of necrosis (Supplemental Fig. S2 ), all of which are defining features of glioblastoma, are evident in these tumors.
Discussion
Glioblastomas are the most malignant brain tumors of glial origin. 21, 28 They are also among the most resistant of all human tumors to available modalities of treatment, perhaps because of their genetic heterogeneity and invasiveness. 28 Molecular biomarkers that are associated with biological mechanisms contributing to malignancy may be important for understanding pathologic attributes of glioblastoma and for designing effective strategies for glioblastoma therapy. miRNAs have recently been described as potential molecular biomarkers. Previous work in our laboratory 8 and by others 9 -14 has demonstrated that miR-21 is a member of a class of miRNAs that are frequently overexpressed in solid tumors and may contribute to oncogenesis. Elevated expression of miR-21 has been documented in several different types of cancer including those arising in breast, 9, 16 brain, 11 -15 prostate, 29 ovaries, 30, 31 colon, 32 and pancreas, 33 as well as cervical carcinoma, 34 hepatocellular carcinoma, 35 chronic lymphocytic leukemia, 36 and acute myeloid leukemia.
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Pdcd4, a described target of mir-21, 16 -18 has been characterized as both a tumor suppressor 16,21 -25 and a pro-apoptotic gene that may function by binding eukaryotic initiation factor 4A (eIF4A) and inhibiting translation initiation. 38 -40 Such an activity could facilitate the regulation of multiple proteins involved in tumor progression at the translational level. Also, mir-21 may play an oncogenic role in glioblastoma acting as an antiapoptotic factor. 11 -15 Negative regulation of Pdcd4 by mir-21 has recently been demonstrated in glioblastoma and in several other tumors. 41 -44 Although mir-21 has been shown to regulate Pdcd4 in glioblastoma, 18 the effect of mir-21/Pdcd4 regulation on specific biological activities, such as apoptosis, proliferation, or anchorageindependent growth, has not been studied. More significantly, the effect on in vivo growth of glioblastoma cells of mir-21/Pdcd4 has not been explored. Our work sought to elucidate both in vitro and critical in vivo effects of mir-21 over-expression and the resulting inhibition of Pdcd4 expression.
The high level of mir-21 expression in human glioblastoma-derived cell lines and glioblastoma primary tumors, compared with that observed in normal brain tissue, suggested its potential in contributing to the malignant behavior of glioblastoma (Fig. 1A  and C) . Furthermore, by assessing endogenous Pdcd4 protein levels in glioblastoma-derived cell lines (Fig. 1B) and in lines in which endogenous mir-21 expression had been inhibited ( Fig. 2A and B) , we determined that inhibition of mir-21 in glioblastoma-derived cell lines resulted in enhanced Pdcd4 expression. We observed that cells treated with anti-mir-21 had decreased proliferation (Fig. 3A) and also exhibited enhanced apoptosis, compared with untreated cells (Fig. 3B) . In addition, glioblastoma-derived cell lines in which mir-21 levels were inhibited displayed decreased anchorage-independent growth ( Fig. 4A and B) , whereas glioblastoma-derived cell lines expressing Pdcd4 showed increased apoptosis and diminished anchorage-independent growth (Fig. 4A and B) . Compared with cells treated with anti-mir-21 only, cells that were treated with anti-mir-21 and siRNA to Pdcd4 produced an increased number of colonies similar to those formed by untreated controls (Fig. 4A  and B) . The anti-apoptotic activity for mir-21 in glioblastoma lines that we observed is consistent with previously published data. 11, 12 This is similar to the antiapoptotic activity of mir-21 in hepatocellular carcinoma where mir-21 has been shown to downregulate PTEN, initiate caspase activity, and lead to decreased apoptosis. 35, 45 However, our data suggest that, along with suppression of Pdcd4's pro-apoptotic function, downregulation of its tumor-suppressive activity also contributes to the oncogenic role of mir-21.
We also sought to determine the biological significance of mir-21/Pdcd4 regulation in vivo. More importantly, because mir-21 can target several genes, 10, 11 we sought to determine whether the biologic effects we observed following mir-21 inhibition were a consequence of Pdcd4 inhibition. We observed that glioblastomaderived cell lines in which mir-21 expression had been inhibited formed fewer tumors and smaller tumors (Fig. 5A ) than those that arose after injection of untreated control cell lines. More importantly, we verified that the decreased tumor growth was predominantly a result of Pdcd4 being downregulated by mir-21. Mice that received U251
GFP or U87 GFP lines after transfection with anti-mir-21 and siRNA to PDCD4 significantly gave rise to tumors that were comparable to the untreated controls ( Fig. 5A and 5C ), confirming that the tumor growth is specifically regulated by PDCD4 and represents a crucial functional linkage between mir-21 and PDCD4 in vivo. In these in vivo experiments mice that received cell lines overexpressing Pdcd4 showed a substantial decrease in tumor size and/or complete ablation of tumor growth (Fig. 5A) . Importantly, Pdcd4 was undetectable in the few, small tumors that did develop from the Pdcd4 overexpressing lines. The in vivo experiments in which these tumors arose were performed using polyclonal cultures of U251 Pdcd4 and U87 Pdcd4 . The finding that Pdcd4 protein levels were not detectable (Fig. 5D ) is strong evidence that these tumors were formed by cells not expressing Pdcd4. It is certainly possible that, in rare cells, the dominant selectable marker used to create these lines was intact, whereas the cDNA encoding Pdcd4 was altered, during the plasmid integration event. Alternatively, the transgene encoding Pdcd4 may have been epigenetically inactivated. Such cells would escape Pdcd4 inhibition and give rise to small tumors in mice injected with U251 Pdcd4 or U87 Pdcd4 (Fig. 5A) . Similarly, the small tumors formed by anti-mir-21-treated cells were probably formed by a fraction of glioblastoma-derived cells that had not been transfected in vitro by synthetic anti-mir-21 prior to their injection into mice.
Although an additional major pathway of Pdcd4 inactivation is the increased proteasomal degradation of Pdcd4 due to its phosphorylation by Akt and p70(S6K), 46 our findings provide strong evidence that, by inhibition of Pdcd4 by mir-21, over-expression contributes to glioblastoma growth. Interestingly, cells treated with anti-mir-21 and siRNA to Pdcd4 produced 85% of the colonies compared to cells treated with anti-mir-21 only. A possible explanation for this finding is that mir-21 also inhibits other genes contributing to the malignant characteristics of glioblastoma-derived cells 47, 48 . For example, miR-21 has been shown to inhibit apoptosis by regulating Bcl-2 in murine breast cancer model 49, 50 and to inhibit gemcitabine-induced apoptosis by modulating PTEN and the PI3K pathway. 51 Consistent with this idea is the observation that mir-21 regulation of 2 important matrix metalloproteinase inhibitors, RECK and TIMP3, may be of importance in vivo. 13 Targeting the anti-apoptotic role of mir-21 has been proposed as a therapeutic strategy for the treatment of glioblastoma therapy. The combined treatment of glioblastoma with an miR-21 antagonist and pathotropic neural precursor cell -mediated delivery of tumor necrosis factor-related apoptosis -inducing ligand (TRAIL) to glioblastoma in vivo resulted in a significant reduction in tumor xenograft growth in mice.
14 Our finding that high levels of Pdcd4 expression inhibited tumor growth suggests that inhibiting Pdcd4 degradation or enhancing its expression may be a therapeutic strategy of importance for glioblastoma.
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